Abstract Forests have been expanding over typical savanna sites for the past 3000 years in the Neotropics. Such invasion can produce a series of environmental modifications on typical savanna; however, it remains unclear how modifications in soil properties, caused by the encroachment of woody species, facilitate the expansion of forest ecosystems under dystrophic conditions. Here we examined chemical and microbiological changes associated with tree encroachment in oxisols of a Neotropical Savanna at Assis Ecological Station, Southeastern Brazil. We predicted that tree encroachment caused by typical forest species would cause significant changes in the chemical and microbiological properties of savanna soils. Soils were sampled at Assis Ecological Station, from savanna sites differing in tree encroachment (typical, dense and forested savanna) caused by decades of fire exclusion. We analysed vegetation leaf area index and leaf litter volume deposited in the studied plots and chemical (pH, organic matter, P, K, Ca, Mg, Al, NO 3 -, NH 4 ? ) and microbiological (microbial C biomass and dehydrogenase activity) properties of soils under distinct encroachment conditions. Most soil chemical properties did not change along the tree encroachment gradient; however, total P, soil organic matter, soil microbial C and dehydrogenase activity increased from typical savanna to forested savanna. The changes in soil organic matter and dehydrogenase activity were correlated with the values of leaf area index and litter volume along the encroachment gradient. Our results demonstrate that forest species can increase carbon and phosphorus supplies in tropical savanna soils.
Introduction
Ecosystems are prone to change given natural processes of disturbance (Bazzaz 1990) ; however, in the last two decades scientists have been preoccupied about the extensive anthropogenic changes (IPCC 2007) . Some of the most drastic changes occur in terrestrial environments, especially to soils through increased fertilizer inputs (Galloway et al. 2004; Sardans et al. 2012) . Natural processes, such as invasion by alien species, can also create substantial changes in soil chemical properties (Ehrenfeld 2003; Vilà et al. 2011) . To advance knowledge of how invasive species affect ecosystem structure and function, it is essential to consider soil fertility, especially when dealing with ecosystems naturally limited by nutrients (Sardans et al. 2012 , Sugihara et al. 2014 , because soil properties can drastically affects the nutritional balance of species that occur exclusively in dystrophic areas (Haridasan 1988; Nardoto et al. 2006; Rossatto et al. 2015) .
In the Neotropics, large areas of forest and savanna ecosystems have dystrophic soils and occur side by side along their geographical distribution (Lehmann et al. 2011) . In central and southeastern areas of Brazil, the typical savanna ecosystem is called the Cerrado, one of the richest tropical savannas in terms of plant species (Furley 1999; Myers et al. 2000) , with a very diverse plant community of grasses, herbs and a variety of woody plants (Gottsberger and Silberbauer-Gottsberger 2006; Ribeiro and Walter 2008) . Such species grow in acidic well-drained soils with a high concentration of clay and aluminum and low availability of calcium, magnesium, phosphorus and nitrogen (Furley and Ratter 1988; Haridasan 2000 Haridasan , 2008 . Most savanna species are adapted to this low nutrient availability, and some even require high levels of aluminum to thrive (Haridasan 2008) . Forest ecosystems also occur under similar acidic soils with low pH and nutrient concentration; however, their greater litter production and low nutrient-use efficiency leads to accumulation of organic matter at the soil surface, potentially providing better nutritional conditions for its species (Haridasan 2001; Sugihara et al. 2014; Paiva et al. 2015) .
In the last 3000 years as fire frequency has significantly decreased, forests across South America have been expanding over typical savanna sites (Silva et al. 2008; Silva 2014) . The consequences of this expansion into savanna have been widely studied (Hoffmann et al. 2012a, b; Murphy and Bowman 2012) , and one important conclusion is that traits of forest species enable them to produce changes on the savanna environment (Hoffmann et al. 2012a) . The greater crowns of forest species (Rossatto et al. 2009 ) shade the understory, modifying the microclimate (Hoffmann et al. 2012b ). Additionally, their greater deposition of leaves in the soil surface can increase the input of nutrients in the system (Hoffmann et al. 2005; Silva et al. 2013 ). Despite such knowledge, nothing is known about the effect of forest invasion on the soil properties of savanna ecosystems. Silva et al. (2013) showed that savanna oxisols do not have sufficient amount of certain nutrients (especially P and Ca) to build a small forest biomass; however, the advance and encroachment of forest trees into savannas could provide some of the extra nutrients needed via litter deposition (more abundant in forest species), slowly moving nutrients from forests to savannas (Silva and Anand 2011; Paiva et al. 2015) . This input, coupled with the fact that typical forest species have great amount of leaves in their larger canopy (Rossatto et al. 2009; Hoffmann et al. 2012a; Rossatto et al. 2013) , may provide great inputs of nutrients in typical dystrophic savanna oxisols, changing its chemical and biological properties. The massive input of forest tree leaves (Paiva et al. 2015) is also likely to affect microbiological communities in soils, since greater inputs of carbon and nutrients (especially N and P) can increase the amount of microbial resources (Bunt and Rovira 1995; Curiel Yuste et al. 2007) .
In the present study, we examined the effects of tree encroachment, as forests expand into savannas, on the chemical and microbiological aspects of soil properties in the savanna ecosystem. In a typical savanna region under tree encroachment for the past 50 years (Durigan and Ratter 2006) , we used the heterogeneity of tree invasion (Pinheiro and Durigan 2009 ) as a ''natural experiment'' to evaluate the effect of forest encroachment in savanna soils. We hypothesized that chemical soil properties such as pH and macronutrients will be elevated in forested savanna in comparison with typical savanna. This increase should be caused by the effect of high abundance of forest tree species in denser and forested savanna sites, which are likely to have a higher leaf area index (larger canopy cover), which in turn will deposit much more leaf litter and nutrients (Paiva et al. 2015) . We expect also that the great input of leaf litter will increase the organic matter and thus essential resources to increase the microbial biomass and activity and select for microorganisms that are involved in organic matter decomposition.
Materials and methods

Study site
The study was done at the Assis Ecological Station (AES) in Assis Municipality, São Paulo State, Brazil (22°35 0 51.36 00 S, 50°22 0 26.68 00 W) in October 2014. The study site comprises a typical Neotropical savanna vegetation (regionally called Cerrado), where the climate is a transition between Cwa and Cfa according to the Köppen classification, with a dry season from May to September and a rainy season from October to April. According to the Brazilian Soil Taxonomy System (Embrapa 2006), the soil type is Latossolo Vermelho, a well-weathered, drained and deep oxisol, with high aluminum oxide content and low concentrations of available nutrients such as P, Mg, K and Ca (Juhász et al. 2006 ).
Tree encroachment gradient
We selected 15 border regions at AES (22°35 0 53.47 00 S and 50°21 0 57.42 00 S) that had a gradient between typical savanna (no encroachment) and forested savanna (encroached). Following the approach used to study a forest-savanna boundary in Central Brazil (Geiger et al. 2011) , we positioned a transect perpendicular to the forest edge and centered at the border in each of these border regions. The selection of these borders was based on field observations and on maps published by Pinheiro and Durigan (2009) , who studied tree encroachment in the AES for 40 years using aerial photographs. Each transect was 165 m long, representing three successional stages: (a) typical savanna (TS): vegetation with a discontinuous tree layer, spread in a continuous herb-grass stratum; (b) dense savanna (DS): primarily a TS, but with a denser tree layer created from the invasion of typical forest species (Pinheiro and Durigan 2012) ; and (c) forested savanna (FS): previously a TS, but now primarily a continuous tree layer with a few herbaceous species and no grasses. We placed one 1 9 1 m plot in the TS, one plot at the DS and one plot for FS, totaling 15 plots per each encroachment condition. To characterize the degree of tree encroachment at each studied condition, we measured the leaf area index (LAI). LAI was measured taking hemispheric photographs in each plot using a CI-110-24P-ID plant canopy imager (CID Bioscience, Camas, WA, USA). The higher the LAI value, greater the degree of tree encroachment. To evaluate the quantity of litter deposited in each plot, we measured the thickness of the litter layer in each of the 45 studied plots using a precision ruler (mm). The volume of litter deposited in each plot (m 3 ) was calculated as the area of the plot (1 m 2 ) multiplied by the thickness of the litter layer measured with the ruler.
Soil chemical and microbiological analysis
We collected samples at the top 0-20 cm soil depth, to characterize the surface soil fertility of each site (TS, DS and FT) at each transect. We used one composite soil sample per plot (four subsamples per plot), totaling 15 samples per each successional condition, 45 samples in total. Just after sampling, soil subsamples were mixed and placed in plastic bags, quickly sealed and then taken to the laboratory. For chemical analysis, pH was determined in CaCl 2 using the method of Raij et al. (1987) . Soil P was determined by spectrophotometry after anion exchange resin extraction (Raij et al. 1987) . Soil K, Ca, Mg and Al were determined by flame spectrophotometry (Allen et al. 1974) . Basis saturation (BS) was calculated as the sum of potassium, calcium and magnesium (Embrapa 1997). Organic matter was determined after the addition of potassium dichromate-sulphuric acid to the soil samples (Sims and Harby 1971) . Ammonium and nitrate levels were determined using the indophenol blue method of Keeney and Nelson (1982) . NO 3 -and NH 4 ? results were expressed on a dry mass basis. Chemical analysis were taken at the Soil Analysis Laboratory, in the Soils and Fertilizers Department, from the FCAV/UNESP Campus de Jaboticabal.
Microbial C biomass was determined according to the irradiation-extraction method (Mendonça and Matos 2005) , by applying electromagnetic energy (microwaves) to the soil samples to disrupt microbial cellular membranes and release the intracellular compounds (Islam and Weil 1998) . This method is optimal for microbial C determination, since it provides an instantaneous rise in soil temperature and abruptly reduces microbial activity, maximizing the release of microbial C biomass and minimizing the solubilization of humic substances (Islam and Weil 1998) . To quantify the microbial activity in the studied soils, we determined the dehydrogenase activity, which reflects the total range of oxidative activity of soil microflora (Nannipieri et al. 1990 ). Dehydrogenase activity was determined according to the modified method of Casida (1977) , by adding 0.06 g CaCO 3 0.5 mL of 0.5 % triphenil tetrazolium chloride, and 1.0 mL of distilled water to 3 g soil in test tubes. The tubes were plugged and incubated for 24 h at 37°C. The mixture was filtered on Whatman No. 1 filter, and the triphenyl formazan (TPF) was extracted with 5 mL methanol and colourimetrically determined at 485 nm, using methanol as a control. Results were expressed as lg TPF/g dry soil 24 h.
Statistical analysis
The majority of data possessed normality (KolmogorovSmirnov test, d \ 0.15 and P [ 0.20) and homogeneity of variances (Levene's test F \ 2.00 and P [ 0.11). The OM and Mg soil values were log 10 -transformed before the analysis because they lacked normality, and Al values were log 10 -transformed because they lacked homogeneity of variances. A univariate ANOVA was used to test for differences in tree encroachment (LAI) and litter volume of the studied areas. The post hoc Fisher's least significant difference (LSD) test was used to test for differences among treatments. A multivariate analysis of variance (MANOVA) was used to detect differences among successional conditions for chemical and microbiological aspects. Before the analysis, all data were transformed, subtracting each parameter value by the population mean and dividing by the standard deviation (Z-score transformation) (Gotelli and Ellison 2004) . If a MANOVA was significant, individual univariate ANOVAs were used as post hoc tests to determine which response variables differed among conditions. The post hoc Fisher's LSD test (a = 0.05) was used to test for differences among treatments. Linear regression was used to test for the effect of LAI variation on litter volume and microbiological parameters. The statistical procedures were carried out using Statistica Software 7.0 (Statsoft, Tulsa, OK, USA) using to all cases a = 0.05.
Results
LAI and litter volume in the tree encroachment gradient
We found differences in the leaf area index (LAI) among the forested, dense and typical savanna areas (F = 68.073, P \ 0.001), indicating distinct degrees of tree encroachment. Regions that are still typical savanna (TS), possessed LAI values close to 1 (Fig. 1a) , while LAI increased to approximately 1.4 in the dense savanna (Fig. 1a ) and 1.6 in the forested area (Fig. 1a) . We also found significant differences (F = 17.34, P \ 0.001) in the leaf litter volume (Fig. 1b) deposited at the soil surface among the three studied areas. The amount of deposited litter was correlated (r 2 = 0.412, P \ 0.01) with the values of LAI (Fig. 1c) .
Chemical and microbiological soil analysis
Soil properties differed (MANOVA: Wilks' = 0.4770, F = 2.76, P = 0.003) ( Table 1 ; Fig. 2 ) along the tree encroachment gradient. All studied conditions showed very acidic soils (pH around 3.8), low amounts of macronutrients such K, Ca and Mg (Table 1 ) and similar (F = 4.80 P = 0.029) contents of ammonium (Fig. 2a) and nitrite (Fig. 2b ). Differences were found (F = 4.80 P = 0.029) to the amount of P (Table 1) : forested and dense savanna possessed higher concentration of this element in their soils. Furthermore, forested and denser savanna plots possessed elevated dehydrogenase activity (Fig. 2c ), higher organic matter (Fig. 2d ) and microbial C biomass (Fig. 2e ) in comparison with typical savanna sites (F [ 5.00, P \ 0.05).
Relationship between tree encroachment and soil properties
Changes in soil traits were partially explained by changes on the degree of canopy cover of the studied conditions (Fig. 3) . We found a linear and positive relationship (r 2 = 0.277, P \ 0.01) between leaf area index and the microbial activity (dehydrogenase activity) (Fig. 3a) , and between LAI and total soil organic matter (r 2 = 0.264, P \ 0.01; Fig. 3b ). Forested savanna sites possessed the highest microbiological activity and the highest organic matter content.
Discussion
In accordance with our expectations, forested savanna sites had soils with higher P concentration, higher organic matter and elevated activity of microorganisms (evaluated by the dehydrogenase) in contrast to typical savanna sites. These results were tightly related to leaf area index, and consequently, with the amount of deposited litter. Areas with elevated canopy cover produced greater litter volumes in the studied plots, resulting in an elevated content of organic matter, which in turn promoted the elevated microorganism biomass and activity in such sites. These results provide evidence that expansion of forest species under savanna sites not only can change aspects related to the plant community structure (Hoffmann et al. 2012a ) and microclimate (Hoffmann et al. 2012b ), but also can provide significant changes on specific soil parameters (Paiva et al. 2015) .
Differences in LAI values were expected between the different degrees of tree encroachment, since typical savanna vegetation at our study site has gone through succession, with increasing tree density and basal area (Pinheiro and Durigan 2012) . The increase in tree density and basal area in such areas is mainly driven by the colonization of typical forest species, since fire has been suppressed for decades (Fensham et al. 2003; Durigan and Ratter 2006) . It is well reported in the literature that forest species are able to colonize savanna environments under suppressed fire (Rossatto et al. 2009; Hoffmann et al. 2012a) . Such species possess larger canopies (Archibald and Bond 2003) with more leaves, which, in comparison with typical savanna species, promotes an effective densification of environments where these species have increased in abundance (Rossatto et al. 2009; Hoffmann et al. 2012a, b) . This specific architecture of forest tree species can also create a more humid and temperature stable environment (Hoffmann et al. 2012b ). Canopy and leaf nutritional properties of forest species may explain the observed changes on soil chemical aspects Sugihara et al. 2014) : forest species have larger canopies and more leaves with elevated leaf nutrient concentration (especially N, P and K), in comparison with savanna species (Hoffmann et al. 2005; Silva et al. 2013; Rossatto et al. 2013 ). The changes found in soil P content along the encroachment gradient may be explained in this context (Hoffmann et al. 2005) . Forest species have 25 % more P in their leaves (0.86 mg g -1 ) than typical savanna species (0.69 mg g -1 ) , and their litter adds more P to soils than savanna litter does (Paiva et al. 2015) . Consequently, the great input of a nutrient-rich litter in typical savanna soils under encroachment may increase their P content, which can be readily used by the soil microfauna and microflora (Lilienfein et al. 2001; Paiva et al. 2015) .
The greater input of leaf litter in forested savanna plots also increased the content of soil organic matter. With more organic resources, microorganisms likely increased their number, as confirmed by the increase in microbial biomass, and their metabolism (Kanchikerimath and Singh 2001) . The elevated dehydrogenase activity found in forested plots suggests higher microbial activity than in the savanna sites (Singh et al. 1989 ). Microbial respiration is mainly determined by temperature, water availability and chemical composition of the organic material (Nannipieri et al. 1990 ). This result implies that the changes in microclimate and deposition of a better quality litter by forest species (Paiva et al. 2015) acts in concert to accelerate the decomposition and nutrient cycling in these new forested systems (Curiel Yuste et al. 2007 ), providing more nutrients that can be used toward increasing the basal area and biomass of typical forest species .
Such previously reported responses may be responsible for the creation of a new stable state in which low soil fertility, low leaf litter deposition and slower decomposition rates of the savannas (Chen et al. 2008) has been replaced by rapid deposition and decomposition of leaf litter, which are mainly found in tropical forest ecosystems (Vitousek 1984; Vitousek and Sanford 1986) . Many authors have considered that P can limit these changes because it is recycled most efficiently and can be limiting to the generation of forest biomass Paiva et al. 2015) . However, the typical savanna soils in São Paulo State (the area of the study) have 30 % more nutrients than soils in Central Brazil (Souza et al. 2015) , the site of the studies by Silva et al. (2013) and Paiva et al. (2015) .
One additional important aspect of such changes in soil properties is the possible effects on the nutrition and survival of typical savanna species. Many savanna species evolved under nutrient-limiting conditions (Medina 1993) and are very efficient at internal nutrient recycling (Kozovits et al. 2007) , and many are in fact dependent on elevated Al levels to complete their life cycles (Haridasan 2008) . Although some species can respond to increases in P content and other aspects of soil fertility, increasing their productivity (Delgado et al. 2013) , Haridasan (2008) found evidence that many typical savanna species cannot establish, grow and survive under elevated nutrient conditions. Jacobson et al. (2011) showed that the diversity of shrubs and herbs can also be drastically reduced by P fertilization. These changes in soil properties, linked with reduced light availability created by the increase in tree density and LAI values, may lead to the rapid disappearance of typical herbs and grasses found at local scales on some tropical savanna sites (Rossatto et al. 2008 ).
Conclusions
Here we provided evidence that the forest species invading savanna environments are able to alter soil properties, especially the P content. Specific traits of forest species can increase microbial biomass and their activity, changing the typical savanna soils to a distinct stable state, in which the soils have more organic matter and nutrients. Fig. 3 Relationships between leaf area index (LAI) and soil properties. a LAI and microbial activity (measured as dehydrogenase activity). b LAI and soil total organic matter (OM). TS typical savanna, DS dense savanna, FS forested savanna
